Expression profiles of developmental genes in Dictyostelium were determined on microarrays during development of wild type cells and mutant cells lacking either the DNA binding protein GBF or the signaling protein LagC. We found that the mutant strains developed in suspension with added cAMP expressed the pulse-induced and early adenylyl cyclase (ACA)-dependent genes, but not the later ACA-dependent, postaggregation genes. Since expression of lagC itself is dependent on GBF, expression of the post-aggregation genes might be controlled only by signaling from LagC. However, expression of lagC in a GBF-independent manner in a gbfA À null strain did not result in expression of the postaggregation genes. Since GBF is necessary for accumulation of LagC and both the DNA binding protein and the LagC signal transduction pathway are necessary for expression of post-aggregation genes, GBF and LagC form a feed-forward loop. Such network architecture is a common motif in diverse organisms and can act as a filter for noisy inputs. Breaking the feed-forward loop by expressing lagC in a GBF-independent manner in a gbfA + strain does not significantly affect the patterns of gene expression for cells developed in suspension with added cAMP, but results in a significant delay at the mound stage and asynchronous development on solid supports. This feed-forward loop can integrate temporal information with morphological signals to ensure that post-aggregation genes are only expressed after cell contacts have been made. D
Introduction
Development proceeds in stages where the initial cells set up the conditions necessary for differentiation of later cells (Gerhart and Kirschner, 1997; Eichenberger et al., 2004; Loomis et al., 1976) . Multiple dependent pathways that vary from one cell lineage to the next are usually formed soon after fertilization in metazoans making it necessary to analyze regulation at the single cell level. In the simpler developmental system of the social amoeba Dictyostelium discoideum, synchronous development of millions of cells can be followed at the molecular level using microarrays (Van Driessche et al., 2002; Iranfar et al., 2003) . Only two major cell types, prespore and prestalk cells, arise as the cells aggregate and these can be isolated in sufficient quantity for expression profiling (Iranfar et al., 2001 ). This system is amenable to detailed analyses of the circuits that control and gate progress between the stages of development.
During the first 6 h of development, Dictyostelium cells acquire the ability to produce pulses of extracellular cAMP and synthesize the components necessary to respond chemotactically to cAMP such that they can aggregate (Parent and Devreotes, 1996) . Initial expression of several aggregation stage genes including the adenylyl cyclase, ACA, the cAMP receptor, CAR1, the G-protein, Ga2, and the cAMP phosphodiesterase, PdsA, is independent of cAMP signaling but later genes are only expressed if the cells are exposed to cAMP pulses (Firtel, 1996; Iranfar et al., 2003; Kimmel and Firtel, 2004) . Binding of cAMP to CAR1 leads to activation of ACA such that the levels of cAMP oscillate with a periodicity of about 7 min (Gerisch and Wick, 1975; Maeda et al., 2003) . As the cells enter mounds, the external levels of cAMP increase and the oscillations are dampened. Genes expressed at that stage respond to constant high levels of extracellular cAMP (Firtel, 1996) . Unlike the earlier genes, expression of these genes is dependent on the aggregation stage adenylyl cyclase, ACA, even when supplied with exogenous cAMP .
Cell type specific genes are expressed at the mound stage and throughout the slug stage as the cell types sort out such that prestalk cells are at the anterior and prespore cells are at the posterior. During the culmination stage, prestalk cells construct a cellulose encased stalk and the prespore cells encapsulate to form spores when they reach the top. The transcriptional profiles change significantly from one stage to the next as well as between cell types as they take on new physiological roles (Iranfar et al., 2001 Van Driessche et al., 2002) .
A DNA binding protein, GBF, has been shown to be essential for transcription of several post-aggregation genes during Dictyostelium development (Schnitzler et al., 1994) . It has been called a molecular switch since it is essential for progression beyond the loose aggregate stage (Firtel, 1996) . However, one of the GBF-dependent genes, lagC, is itself a signaling component necessary for expression of some of the post-aggregation genes (Brown and Firtel, 2001; Dynes et al., 1994) . Mutant strains in which either gbfA or lagC is disrupted are blocked at the loose aggregate stage and do not express the post-aggregation genes ecmA or cotC (Schnitzler et al., 1994; Dynes et al., 1994) . This shared phenotype might result from a dependent causal pathway in which GBF is responsible for expression of lagC and LagC is essential for progression beyond the loose aggregate stage. LagC-dependent intercellular signaling appears to control expression of the prestalk gene ecmA and the prespore gene cotC since neither is expressed in lagC À cells developed as pure populations but both are expressed in lagC À cells when they are mixed with an excess of wild type cells and allowed to develop into chimeric structures (Dynes et al., 1994) . Since more than half the cells in the chimeras have to be wild type lagC + for the mutant cells to express the post-aggregation marker genes, we argued that the cells had to directly interact rather than producing and responding to a secreted intercellular signal. Subsequently, we showed that lagC encodes a glycoprotein of 150 kDa (gp150) that is present on the surface of cells in loose aggregates and plays an essential role in EDTA-resistant adhesion at that stage (Wang et al., 2000) . It appears to function by forming heterodimers that hold the cells together. Such a mechanism would be consistent with signaling in chimeras where LagC molecules on the surface of wild type cells could interact with their partners on the lagC À mutant cells to elicit a non-cell-autonomous response much as the integrins do in mammalian cells (Hynes, 2002) . The amino acid sequence of LagC shows that it has an N-terminal sequence for secretion, a long extracellular domain and a transmembrane region near the C-terminus that could anchor it in the membrane (Dynes et al., 1994) . Only a short C-terminal sequence is predicted to be cytoplasmic. The signal transduction pathway eminating from LagC is unknown.
Many post-aggregation genes such as those that encode the spore coat proteins, cotB, cotC, and cotD, are induced in shaken suspension cells by continuous high levels of cAMP. Expression is dependent on cis-regulatory regions that contain motifs of 6 to 8 bases with relatively high G/C (Datta and Firtel, 1987; Williams, 1987, 1988; Hjorth et al., 1990; Loomis, 1991, 1993) . GBF binds to these motifs in gel-shift assays but also binds similar regions that are present upstream of genes with quite different patterns of expression (Ceccarelli et al., 1992) . Although the regions all have a relatively high G/C portion, no strict consensus sequence could be defined (Hjorth et al., 1990) . It was suggested that GBF plays a stimulatory role in conjunction with other factors that determine temporal and cell type expression (Schnitzler et al., 1994) .
The cAMP-dependent protein kinase PKA plays multiple roles in the development of Dictyostelium Loomis, 1998) . Cells in which the gene encoding the catalytic subunit is disrupted or are engineered to constitutively express a dominant negative inhibitor (Rm) fail to aggregate or express developmental genes (Mann et al., 1992 (Mann et al., , 1997 Harwood et al., 1992) . Cells have also been engineered to express the dominant negative inhibitor uniquely in prespore cells after aggregation by driving Rm with the control region of the prespore specific gene pspA (Hopper et al., 1993a,b) . These cells proceed through morphogenesis to form a well proportioned fruiting body but very few viable spores. They express prespore genes such as cotC and cotD for a brief period at the tipped aggregate stage but not thereafter as a consequence of the accumulation of the dominant negative inhibitor of PKA (Hopper et al., 1993a,b) . In wild type cells, GBF binds to the high G/C regulatory regions of these genes but this binding activity is lost after the tipped aggregate stage in the pspA0Rm cells (Hopper et al., 1995) . It appears that, either directly or indirectly, PKA activity is essential for GBF function on these genes.
Constitutive PKA activity can bypass the need for cAMP pulses or the requirement for ACA activity for the early groups of genes . It appears that PKA mediates the signal from internal cAMP to expression of the early genes. Expression of the gene encoding ACA is dependent on the DNA binding protein CbfA and occurs only after development has been initiated by removal of the exogenous food source (Winckler et al., 2004) . However, once the components for expression and response to cAMP are in place, it is further induced by pulses of cAMP in a manner that is independent of CbfA. Cells developing in suspension will express certain genes even in the absence of ACA due to disruption of its gene, acaA, if they are given exogenous pulses of cAMP. However, other genes have an absolute requirement for ACA . Cells in which ACA is functional express many postaggregation genes when developed in suspension with added cAMP but do not express genes that are induced late in the slug stage or during culmination in cells developed on a solid support where they can make fruiting bodies. Many of the late genes are controlled by the DNA binding protein SrfA (Escalante et al., 2004) . These developmental markers appear to require conditions and signals only found in the multicellular structures formed on solid supports. While these patterns of gene expression are consistent with a dependent sequence of developmental stages (Loomis et al., 1976) , further dissection of the causal connections may indicate more complex arrangements such as cooperative, bi-furcating, or feed-forward loops.
Microarrays carrying 6450 cDNA targets have been used to recognize genes that are expressed at specific developmental stages under various conditions (Van Driessche et al., 2002; Iranfar et al., 2003; Escalante et al., 2004) . About 250 genes increase 3-fold or more during development of wild type strains but not in cbfA À mutant strains unless they are developed together with at least 5% wild type cells or given exogenous pulses of cAMP (Winckler et al., 2004) . Expression of this set of genes provides robust markers for the stages of development. We have constructed microarrays carrying oligonucleotides that recognize these developmental genes as well as oligonucleotide probes for a set of¨300 genes that are repressed shortly after the initiation of development (Mendoza et al., 2005) . Where possible, we designed probes for two independent regions of each of the 600 mRNAs. Using these oligomicroarrays, we have characterized expression profiles in mutant strains in which either gbfA or lagC is disrupted as well as strains that express these genes under the control of the constitutive regulatory region of actin 15 (Knecht et al., 1986) . We find that both GBF and LagC are necessary for expression of a set of 15 post-aggregation marker genes and that constitutive expression of lagC in a gbfA À null mutant does not bypass the defect. Since GBF is required for expression of lagC as well as the set of marker genes and that the signal transduction pathway emanating from LagC is also required for expression of the marker genes, these components define a coherent feed-forward loop with 3 positive signals (Milo et al., 2002) . Feed-forward loops have been found to be prevalent among network motifs in Escherichia coli and Saccharomyces cerevisiae. A hierarchical cascade of feed-forward loops appears to drive the transcriptional program leading to sporulation in Bacillus subtilis (Eichenberger et al., 2004) . With appropriate parameters, a coherent feed-forward loop can act as a filter of noisy inputs, such as can be expected during multicellular development (Mangan et al., 2003) . Although the elements of the LagC pathway are presently unknown and some might be GBF-dependent, the fact that GBF binds to essential cis-acting sites of the post-aggregation genes, argues that this transcription factor and the signaling pathway can be formally considered a feed-forward loop.
Materials and methods
Strains, growth, development, and preparation of RNA Strains AX4 (wild type),TL198 (gbfA À ), and AK127 (lagC À ) have been previously described (Knecht et al., 1986; Schnitzler et al., 1994; Kuspa and Loomis, 1992; Dynes et al., 1994) . AK127 was transformed with a construct carrying actin15 driven gbfA gene and strain TL168 (lagC À gbfA OE ) selected for G418 resistance. TL198 was transformed with a construct carrying actin15 driven lagC gene and strain TL188 (gbfA À /lagC OE ) selected for G418 resistance. AK127 was transformed with the same construct to generate strain TL190 (lagC À lagC OE ). Cells were grown axenically in HL5 and collected while in the exponential phase of growth (Sussman, 1987) .
For development in suspension, exponentially growing cells were collected, washed, and resuspended in 100 ml of 20 mM Na + K + phosphate buffer pH 6.5 at 10 7 cells/ml and rapidly shaken at 125 rpm on a rotary shaker. To simulate normal signaling, cells were given 30 nM pulses of cAMP at 6 min periods from 2 to 6 h followed by addition of 300 AM cAMP at 2 h intervals . At each time point 5 Â 10 7 cells were collected, pelleted, and dissolved in Trizol\ reagent (Gibco/BRL) for preparation of RNA. For development on solid supports, cells were collected, washed, and deposited on nitrocellulose filters on buffer-saturated pads and allowed to develop synchronously at 22-C (Sussman, 1987) .
Preparation of oligoarrays and expression analyses
Microarrays carrying unique 50 bp oligonucleotides for 600 developmental genes were prepared as previously described (Mendoza et al., 2005) . Where possible, we designed probes for two independent regions of each of the 600 mRNAs to allow internal comparisons and averaging. The list of developmental genes and the microarray data for each gene in the time courses for each strain are available for downloading at http://www.biology.ucsd.edu/loomis-cgi/ microarray/gbf-lagc-supp.html.
DNA probes were prepared from total RNA collected at 2 h intervals as well as from time-averaged reference RNA as previously described . Superscript II DNA polymerase (Invitrogen, Carlsbad, CA) was used to incorporate either Cy-5 or Cy-3 conjugated dCTP (Amersham, St. Louis, MO) into DNA. Following incubation at 42-C for 3 h, unincorporated dyes were removed using microcon-30 columns (Millipore, Burlington, MA) with 3 washes with 450 Al TE buffer before drying and resuspending in 5Â SSC, 0.3% SDS, 25% formamide. Labeled probes were mixed and hybridized at 42-C to the microarrays for 6 to 12 h. Dyes for the sample and reference probes were interchanged in different experiments.
Probed microarrays were analyzed in an Axon Genepix 4000B scanner and the measurement processe with the associated software. Total Cy3 signal was normalized to total Cy5 signal after background subtraction to allow independent slides to be compared. The ratios of Cy3/Cy5 for individual genes were then calculated. Each sample was hybridized to two or more microarrays which carried the oligonucleotides in duplicate. Each developmental time course was repeated at least twice. Mean values were used for subsequent analyses and are available at http://www.biology.ucsd.edu/loomis-cgi/microarray/gbf-lagcsupp.html. Values were normalized to 1 at the start of each experiment. Statistical analyses were previously described .
Bar graphs of the expression profiles represent the average fold change as blue (<2), yellow (2 -4), tan (4 -6), brown (6 -8), reddish brown (8 -10), and red (>10). Profiles that had only a single point above 3-fold are presented in blue. Statistical reliability can be judged by comparing the results from the independent strains.
Northern analyses
Gel-separated RNA was transferred to nylon membranes (Osmonics, Inc., Westborough, MA) and Northern blots were probed as previously described (Iranfar et al., 2001) .
32 P-labeled probes were generated by random hexamer labeling of DNA fragments.
Results

Post-aggregation genes
To simulate normal signaling, cells developing in suspension were given 30 nM pulses of cAMP at 6 min periods from 2 to 6 h followed by addition of 300 AM cAMP at 2 h intervals . RNA samples were collected at 2 h intervals from wild type, gbfA À , and lagC À cells developed in this manner and analyzed on microarrays. Expression profiles for wild type cells determined with oligonucleotide probes matched those previously determined with microarrays carrying 6345 cDNAs . With the oligoarrays, we focused on a set of 3 genes that are pulse-independent, 11 genes that are pulse-dependent but are expressed in an acaA À strain and 28 genes that are expressed in pulsed wild type cells but not in pulsed acaA À cells . mRNAs from about half of the ACA-dependent genes start to accumulate after 2-4 h while the rest start to accumulate steadily after about 8 h (Fig. 1) . Strains in which either gbfA or lagC is disrupted express all of the pulse-independent and pulse-dependent genes except for lagC and express the early group of ACA-dependent genes but none of the later ACAdependent genes (Fig. 1) . These results confirm the observations of Brown and Firtel (2001) (Schnitzler et al., 1994; Dynes et al., 1994) . Moreover, the microarray data show that all of the early marker genes expressed in gbfA À are expressed in lagC À null cells and that none of the GBF-dependent marker genes are expressed in lagC À null cells. About half of the GBF-dependent genes are prespore specific and half are prestalk specific. Since it has been shown that GBF accumulates normally in pulsed lagC À null cells (Brown and Firtel, 2001 ), it appears that expression of these post-aggregation genes is dependent on both GBF and LagC. Since expression of lagC is GBF-dependent, expression of later genes could depend only on a LagC-dependent signal.
GBF-independent expression of lagC
To determine whether the GBF-dependent genes fail to be expressed in gbfA À cells due to the lack of expression of LagC, we placed the lagC gene under the control of the actin 15 regulatory region. Actin 15 is expressed at high levels in growing cells and throughout the first 16 h of development (Knecht et al., 1986) . However, except for lagC itself, expression of act150lagC in a gbfA À null strain did not result in expression of the GBF-dependent genes (Fig. 2) . The pulseindependent, pulse-dependent, and ACA-dependent genes were all expressed normally but none of the later genes were expressed. Introduction of the act150lagC construct into a lagC À strain resulted in expression of the GBF-dependent genes, as expected, since these cells express both gbfA and lagC (Fig. 2) .
Expression of an act150gbfA construct introduced into lagC À null cells did not result in expression of the GBFdependent genes since these cells lack LagC (Fig. 2) . All the Fig. 1 . Expression profiles of early and post-aggregation genes. AX4 (wild type), gbfA À , and lagC À cells were developed in suspension and given 30 nM cAMP pulses at 6 min intervals between 2 and 6 h followed by addition of 300 AM cAMP. Samples were collected every 2 h and analyzed on oligomicroarrays. Each developmental time course was repeated at least twice and the mean values were normalized to 1 at the start of each experiment. Bar graphs of the expression profiles represent the average fold change as blue (<2), yellow (2 -4), tan (4 -6), brown (6 -8), reddish brown (8 -10), and red (>10). The expression pattern of lagC is indicated by an arrow. The expression classes are indicated. Values for each target are available at http://www.biology.ucsd.edu/loomis-cgi/microarray/ gbf-lagc-supp.html.
other early marker genes were expressed normally with no evidence for precocious induction confirming the conclusions of Schnitzler et al. (1994) that were based on a smaller number of marker genes. When plated on solid supports, these lagC À gbfA OE cells developed up to the loose aggregate stage but failed to proceed further in morphogenesis (data not shown). Only when spread on agar plates did some of the loose aggregates proceed to form standing fingers which slowly progressed to form a few small fruiting bodies after more than 40 h of development. Sukumaran et al. (1998) suggested that GBF overexpression in lagC À null cells could rescue the signaling defects because they found a few migrating slugs. However, morphogenesis is clearly aberrant and the expression analyses clearly indicate that overexpression of GBF in a lagC À strain does not overcome the block to expression of the post-aggregation genes (Fig. 2) .
Northern analyses
To confirm the critical results from the microarray analyses, we electrophoretically separated the RNA samples on agarose gels and transferred them to Nitran for Northern analyses. The results from probing with lagC and cotB were completely consistent with the microarray results (Fig. 3) . lagC mRNA accumulated in wild type cells by 4 h of development and then tappered off. It was barely detectable in gbfA À and absent in lagC À and lagC À gbfA OE cells. lagC mRNA was present in vegetative gbfA À lagC OE cells (T = 0) as expected from being controlled by the regulatory region of actin 15. This was not apparent in the microarray data shown in Fig. 2 because it was normalized to T = 0 for ease of interpretation; however, the unnormalize levels of lagC were higher in vegetative cells of both gbfA À lagC OE and lagC À lagC OE cells. The microarray results show that it accumulated at least 4-fold by 12 h which is consistent with the Northern results.
mRNA for the prespore gene cotB failed to accumulate in any of the strains lacking either GBF or LagC but accumulated normally when lagC À was complemented by act150lagC (Fig. 3) . The Northern results confirm the expression patterns determined using microarrays.
GBF-dependent genes
Some of the genes from the 6450 cDNAs microarrays chosen as developmental markers have been used for many years as aggregation stage and post-aggregation genes in Northern analyses. These include lagC, cotB, cotC, cotD, pspA, pspD, and D7 (Dynes et al., 1994; Fosnaugh and Loomis, 1991; Fig. 2 . Coordinately regulated genes in cells constitutively expressing either lagC or gbfA. Cells were developed in suspension, pulsed between 2 and 6 h followed by addition of 300 AM cAMP. Samples were prepared for microarray analyses and the results displayed as in Fig. 1 . The expression pattern of lagC is indicated by an arrow. The expression classes are indicated. Agarwal et al., 1994; Early et al., 1988; Firtel, 1996) . Many of these genes encode components of the spore coat and are only expressed in prespore cells where their protein products are localized in prespore vesicles (Alexander et al., 2003) . The cell type specificity of each of the GBF-dependent genes was previously determined by characterization of RNA from purified prespore and prestalk cells and confirmed by in situ hybridization (Maeda et al., 2003; Maruo et al., 2004) . Of the 16 genes on the oligoarrays that are GBF-dependent, 7 are prespore specific and 7 are prestalk specific. Only two (lagC and DDB0215928) are expressed in both cell types (Table 1) . Three of the prestalk specific GBF-dependent genes (DDB0168490; DDB0231563; DDB0191897) encode related proteins of 88 to 93 amino acids that are predicted to form coiled coils. Another three of the prestalk specific GBF-dependent genes (DDB0229987; DDB0231561; DDB0229998) encode almost identical small proteins of 57 amino acids. There are 13 such genes encoding exactly 57 amino acids with almost identical sequences. Eleven of them are found in a tandem array cluster on chromosome 4 (Eichinger et al., 2005) . The sequences of the 50 bp oligonucleotides for the three genes on the microarrays (DDB0229987; DDB0231561; DDB0229998) differ by only a few nucleotides from the mRNA sequences from many of these genes possibly resulting in cross-hybridization.
GBF has two central zinc-fingers that are sufficient for it to bind to several different motifs in gel-shift experiments (Hjorth et al., 1990; Brown and Firtel, 2001) . Moreover, expression of a construct with only a single zinc finger was found to be sufficient for complementation of a gbfA À null strain (Brown and Firtel, 2001) . A single zinc finger can only recognize a sequence of 3 bases (Kaplan et al., 2005) . GBF recognizes motifs containing CACAC or ACCC as well as their reverse complements (Hjorth et al., 1990) . Such motifs are found in the 500 bp regions upstream of about a third of the genes in the Dictyostelium genome and so cannot provide much specificity on their own. However, when the upstream regions of the GBF-dependent genes on the microarrays were inspected, clusters of such sites were seen usually within 100 bp of each other (Table 1) . Such sites where GBF could bind might function cooperatively together with other transcription factors. Both the prespore and prestalk specific GBF-dependent genes have multiple sites where GBF could bind (Table 1) .
Discussion
The genes encoding the DNA binding protein GBF and the cell adhesion protein LagC are both expressed during the first 4 h of development in suspension when the cells are given cAMP pulses (Schnitzler et al., 1994 (Schnitzler et al., , 1995 Dynes et al., 1994) . When developed on solid supports, gbfA mRNA is first observed at 4 h while lagC mRNA is first observed at 8 h, consistent with the fact that expression of lagC is dependent on GBF while expression of gbfA is independent of LagC (Brown and Firtel, 2001) . When developed in suspension, the only gene on the microarrays expressed in the first 4 h that was found to be GBF-dependent was lagC. All other GBFdependent genes are expressed several hours later and are also dependent on LagC (Fig. 1) . GBF has been shown in gel-shift experiments to recognize essential cis-acting sites for many of these genes and LagC has been found to mediate an intercellular signaling pathway essential for expression of these genes. Since expression of lagC by a GBF-independent regulatory region (act15) does not result in expression of the post-aggregation genes in a gbfA À null strain, these genes are formally controlled by a feed-forward loop containing GBF and LagC (Fig. 4) . Consistent with the dual requirement, overexpression of gbfA in a lagC À null strain does not result in expression of the post-aggregation genes.
The feed-forward loop is no longer functioning in cells with wild type gbfA when lagC is expressed under the control of the GBF-independent regulatory region of actin 15 (Fig. 4) . The lagC À strain expressing act150lagC has wild type GBF and Fig. 3 . Northern analyses. RNA samples from the various strains that were prepared for microarray analyses at the times indicated. 15 Ag of total RNA was size fractionated by gel electrophoresis, transferred to nylon membranes, and hybridized to probes for lagC or cotB.
expresses post-aggregation genes in essentially the same manner as wild type AX4 cells (see Figs. 1 and 2) . Thus, there appears to be no significant consequences when the feedforward loop is converted to a convergent network. However, these analyses were carried out under conditions designed to minimize developmental variability. Exponentially growing cells were washed free of growth medium and immediately suspended in buffer and continuously shaken. Pulses of cAMP were added at 6 min intervals between 2 and 6 h and then high levels of cAMP were added. Small clumps of cells formed after 6 h in suspension but they never exceeded 100 cells. When the lagC À act150lagC cells were allowed to develop on solid supports, they aggregated and formed fruiting bodies by 28 h, but development was much less synchronous and the resulting fruiting bodies were smaller and less regular than seen with wild type cells (data not shown). We had previously found that expression of act150lagC in a lagC À strain overcame the block at the loose aggregate stage but that the cells remained at the tight aggregate stage for 2 -6 h longer than wild type cells (Dynes et al., 1994) . Although the morphological abnormalities of the act150lagC lagC À strain might be the result of alterations in the pattern of expression of lagC, they might also be an indication that the lack of the feed-forward loop is detrimental to development.
The GBF/LagC feed-forward loop can integrate temporal signals with morphological signals to ensure that postaggregation genes are only expressed after cells have aggregated and formed LagC-dependent cell -cell contacts. At least in prespore cells, GBF activity in gel-shift experiments is dependent on PKA activity which controls developmental timing (Hopper et al., 1995; Loomis, 1998) . Overexpression of the catalytic subunit of PKA results in rapid development and the ability of cells to form spores in submerged conditions (Anjard et al., 1992; Hopper et al., 1993a,b) . However, overexpression of the PKA catalytic subunit in a lagC À strain does not result in expression of the post-aggregation genes (data not shown). While PKA activity is responsible for the timing of expression of post-aggregation genes, it is not sufficient in the absence of LagC. Likewise, precocious expression of lagC, such as occurs in the lagC À lagC OE cells (Fig. 3) , does not result in precocious expression of the postaggregation genes. Timing depends on more than the presence of LagC.
The signal transduction pathway that is activated by LagC is presently unknown. It appears to depend on cell -cell contact since mixtures of equal numbers of lagC À and wild type cells develop abnormally while mixtures with 75% wild type cells develop well (Dynes et al., 1994) . When wild type cells are developed in suspension and treated with cAMP, cell -cell contacts can form in the small clumps of cells and this seems to be sufficient for expression of post-aggregation genes. If other components of the LagC signal transduction pathway are also GBF-dependent, it would not change the formal designation of GBF/LagC as a feed-forward loop, but would only reinforce it.
The two zinc-fingers of GBF appear to be only sufficient for it to be a low affinity/low specificity factor that must act in concert with other factors (Brown and Firtel, 2001 ). However, there are clusters of the GBF motifs CACAC and ACCCA within 200 bp of each other upstream of the GBF-dependent post-aggregation genes. In all but two cases, these clusters are found in the proximal 500 bp (Table 1) . About 7% of all genes in Dictyostelium have clusters of 3 or more such motifs within 200 bp of each other in the 500 bp upstream region. However, these motifs are strongly enriched in the upstream regions of the GBF-dependent genes.
Seven of the GBF-dependent marker genes on the microarrays are only expressed in prestalk cells and 7 are only expressed in prespore cells. Clearly, the cell type specificity of expression of these genes is determined by other factors that respond to the conditions in the specific cell types. Nevertheless, they are all coordinately regulated and as such define a set of marker genes for the post-aggregation stage of development. Fig. 4 . Network architecture. A feed-forward loop controls expression of postaggregation genes in wild type cells but not in cells expressing lagC under the control of a GBF-independent regulatory region (actin 15). In wild type cells, GBF is responsible for expression of lagC as well as post-aggregation genes. In both wild type and act150lagC cells, GBF and LagC are both required for expression of post-aggregation genes, but expression of lagC is independent of GBF in the act150lagC cells.
